Abstract. The amplitude of the El Niño-Southern Oscillation (ENSO) would be normally distributed if the coupled Pacific ocean-atmosphere were a linear system forced by Gaussian weather noise. Moment estimates of skewness and kurtosis demonstrate that this is not the case for monthly mean anomalies in Pacific sea surface temperatures during 1950-97. The noted predominance of El Niño events compared to La Niña events is related to the high skewness in the eastern Pacific. Skewness and kurtosis both exhibit an intriguing geographical variation from positive in the eastern to negative in the western Pacific. We have also examined Niño-3 indices generated by three climate models having widely different complexity. These exhibit a wide range of skewness and kurtosis values rather different from those found for the observations. Skewness and kurtosis can be used to diagnose non-linear processes and provide powerful tools for validating models, and for testing observed sea-surface temperatures for the presence of possible climate change.
Introduction
ENSO can be considered to be the response of a complex non-linear oscillator to stochastic shocks produced by weather events such as westerly wind bursts [Philander, 1990] . However, it is far from clear how much non-linearity there is in the coupled Pacific ocean-atmosphere system [Neelin et al., 1998] . If the system were only very weakly non-linear, then one would expect the cumulative response to weather noise to be close to normally distributed. So, deviations from normality may be used as a tool to investigate the inherent non-linearity. For non-linear dynamical systems having multiple basins of attraction (regimes), the probability distribution can sometimes deviate so strongly from normality that multiple maxima appear (multimodality) [Rivin and Tziperman, 1997] . This study examines the deviations from normality in monthly mean anomalies of Pacific sea surface temperatures observed over 1950-97. In addition, ENSO Niño-3 indices produced by 3 different climate models are also analyzed and compared to the observations.
Observations
ENSO is often summarized by using area-averaged indices of sea surface temperatures across the tropical Pacific Copyright 1999 by the American Geophysical Union.
Paper number 1999GL900161. 0094-8276/99/1999GL900161$05.00 ocean: Niño 12 (90-80W, 10S-EQ), Niño 3 (150-90W,5S-5N), Niño 3.4 (170-120W, 5S-5N), and Niño 4 (160E-150W, 5S-5N). This study investigates El Niño indices for the period January 1950 to December 1997 derived at NCEP [freely available from http://nic.fb4.noaa.gov/data/cddb]. Since January 1982, sea surface temperatures have been estimated using optimum interpolation of satellite, ship and buoy observations [Reynolds and Smith, 1994] , whereas empirical orthogonal function (EOF) reconstruction was used prior to this period [Smith et al., 1996] . Figure 1 shows histograms of the anomalies obtained by subtracting out the 1950-97 mean of each calendar month for each index. The distributions deviate from being normal, with notably the Niño-12 and Niño-3 indices strongly skewed to warm values, as discussed briefly by Trenberth [1997] . Out of the 576 monthly mean Niño-3 anomalies, 23 have been very warm (> 2σ), compared to 5 very cold (< −2σ). The western Pacific Niño-4 index is skewed to cold values and also has shorter tails and a broader maximum than a normal distribution.
One possible way to quantify deviations from normality is to examine the skewness, √ b1 = m3/m 3/2 2 , and kurtosis, b2 − 3 = m4/m 2 2 − 3, where m k = (x − x) k is the k'th moment about the mean [Mardia, 1980] . Skewness towards high values means that high extremes are more probable than low extremes, while distributions that have no sharp central peak and clipped tails have a low kurtosis: a pure sinusoid limit cycle has a distribution with b2 − 3 = −1.5. These statistics are presented for the observed ENSO indices in Table 1 . For a large enough sample from a normal distribution, one expects √ b1 = 0, and b2−3 = 0. To test whether the indices are indeed normal, we have estimated confidence limits by calculating statistics for 10 5 Monte Carlo AR(1) red noise process realizations of the 576 month series. Serial correlations are taken into account by chosing the lag 1-month autocorrelation close to observed (0.92). The Monte Carlo results, shown in Figure 2 , confirm that the Niño-12 and Niño-3 indices are not normally distributed. The simulations also reveal that kurtosis is positively correlated with the square of skewness (r(b2, b1) = 0.47). For this reason, we define a reduced kurtosis as b 2 = b2 − 3 − 1.5b1. Low values of reduced kurtosis can indicate the presence of nonlinear chaotic or periodic regimes in systems with skewed distributions (cf. the discussion in [Rivin and Tziperman, 1997] . With b 2 as ordidate, the cloud of Monte Carlo points in Figure 2 is almost isotropic. It is apparent from Figure 2 that the Niño-3 and Niño-12 values lie outside the 95% confidence limit enclosing the cloud of normally distributed red noise points. The deviation from normality is due to the large values of skewness. The reduced kurtosis values are generally small. This suggests that the gamma distribution with b2 − 3 = 1.5b1 may provide a good fit to the distributions [Stephenson et al., 1998 ]. If one considers that the variance of the signal depends on the calendar month, by testing on anomalies standarized on monthly variances, it is found that the Niño-4 reduced kurtosis is significantly lower than normal. Comparing ( √ b1, b 2 ) of the Niño-3 index for the period 1950-91 in different SST analyses gives (0.60, 0.2) for the NCEP analysis, (0.40, 0.1) for the GISST2.2 analysis [Rayner et al., 1996] and (0.59, 0.2) for the Kaplan analysis [Kaplan et al., 1998 ], in reasonable agreement. Skewness, and especially kurtosis, vary depending on the period selected, in particular on whether large events are included or not. Also, for a given period, kurtosis, and to a lesser extent skewness, are harder to estimate when data are sparse, as before 1950.
Skewness and kurtosis of the Niño indices decrease markedly when going from east to west across the Pacific (Table  1) . Looking in more detail at the geographical variations, we plot the skewness and kurtosis of monthly mean anomalies of EOF interpolated SST fields for 1950-97 [Smith et al., 1996] in Figure 3 . Figure 3a confirms that skewness goes from values exceeding 1.2 in the eastern Pacific to values of -0.4 in the western Pacific. [Smith et al., 1996] is used, from 1982 the OI product [Reynolds and Smith, 1994] . S.Dev is the standard deviation, r1 is the lag 1-month autocorrelation, √ b1 is the skewness, b2 −3 is the kurtosis, and b 2 is the reduced kurtosis. Also shown are the 95% confidence limits for 576-month sections of an AR (1) Skewness is a powerful diagnostic for validating climate data sets and could be used more frequently for this purpose. For example, the global skewness map for the OI analyses 1982-97 contains an eye-catching bulls-eye pattern to the west of Indonesia (with √ b1 less than -2.5) due to erroneous satellite estimates of SSTs in 1994 and 1997 caused by excessive smoke from Indonesian forest fires (personal communication, Dick Reynolds).
Model results
Skewness and kurtosis have also been estimated for Niño-3 indices generated by three climate models of widely different complexity. The NCAR Climate System Model (NCAR CSM) is a state-of-the-art global coupled ocean-atmosphere model that has been run for 300 years without applying any correction to the air-sea fluxes [Boville and Gent, 1998; Liang and Wang, 1998] that has been used in many studies of ENSO [Zebiak and Cane, 1987] . Because of its speed, we were able to make a long run of 20000 years. TSCJ is a one-variable conceptual model of ENSO and its interaction with the annual cycle proposed by [Tziperman et al., 1994] , that we used to generate a very long 10 5 year run. The model skewness and kurtosis values differ widely from one another (Table 2) , and also from the observed values (Figure 4) . NCAR CSM has small values of skewness and kurtosis not significantly different from normally distributed, that suggests the model is underestimating the non-linearity in ENSO. This is likely since the model also severely underestimates the amplitude of the ENSO variations. The CZ model gives a positively skewed Niño-3 index, as the observed index. The model also gives strongly negative reduced kurtosis, unlike observed. However, there is so much spread in the skewness and kurtosis values of the 400 realizations that one can not state with certainty that they are incompatible with the observed values. The TSCJ model gives negative skewness and kurtosis values of opposite sign to those observed for Niño 3. These arise in this model from an overly strong interaction of ENSO with the annual cycle, and can be made less negative by adding noise to the model as was proposed by [Stone et al., 1998 ]. Low [Rivin and Tziperman, 1997] ). The observed Niño-3 index gives no such indication.
Concluding Remarks
The issue of whether the amplitude of El Niño SST anomalies are normal has several aspects. In the upwelling region in the eastern Pacific, SSTs deviate significantly from normality by being positively skewed [thereby helping to explain why Peruvian fisherman first discovered El Niño and not La Niña!]. However, in the warm pool region in the western Pacific, SSTs are negatively skewed, also the reduced kurtosis in the western Pacific is lower than in the eastern Pacific. In the central Pacific, near 150 − 160W, both skewness and kurtosis have almost normal distribution values, and therefore the distribution of the Niño-3.4 index is close to normal. Other ENSO indices, such as the Southern Oscillation sea-level pressure index are also found to be approximately normally distributed [Stephenson, 1997] .
Largest SST skewness occurs in the upwelling region in the eastern equatorial Pacific, where the thermocline is already close to the surface, and therefore more difficult to obtain much colder than warmer SSTs. The negative skewness in the warm pool region is most probably caused by SSTs saturating at 30
• C due to non-linear radiativeconvective greenhouse feedbacks. Thus local non-linear saturation could explain much of the non-normality of ENSO.
This study has demonstrated that three different dynamical models give widely differing results, yet that none is able to reproduce the observed skewness and kurtosis. This suggests that the climate models are failing to capture correctly the non-linear aspects of ENSO. Skewness and kurtosis are also powerful tools for validating and comparing gridded analyses of historical SSTs -some of which also severely underestimate the extreme behaviour in SSTs.
The fact that ENSO indices such as Niño 3 deviate significantly from normality has important implications for ENSO forecasting, for example forecasts from models that are less skew than observed (e.g. linear statistical models) will underestimate extreme El Niño events. Also, non-normality can easily give the impression of non-stationarity in time series and should therefore also be taken into account when assessing whether global warming has occurred [Trenberth, 1997] . It has been suggested [Timmermann, 1998; Timmermann et al., 1998 ] that the skewness of the Niño-3 index may change in the advent of enhanced greenhouse warming. It is therefore of interest to continue monitoring carefully the skewness and kurtosis of observed and modeled SSTs.
